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ABSTRACT 

Cyclic temperature and streBs-straln atntea in 
cooled turbine bladeo were calculated for a elnulated 
mlBslon of an advanced technology aircraft engine, 
TACTl (three dimensional heat transfer) and MJVHC (non- 
linear structural nnolysia) computer programs were 
used to analyse impingement cooled airfoils, vith and 
vithout leading-edge film cooling. Creep vos the pre- 
dominant damage mode, particularly around film cool- 
ing holes. Radially angled holes exhibited lenn creep 
than holes normal to ourface, Bsam-typo analyses of 
oil-impingement cooled airfoils gave fair agreement 
vith I'lARC results for initial creep, 

IHTRODUCTION 

Cooled airfoils in high-pressure turbine stages 
of advanced aircraft engines are subject to creep dur- 
ing steady-state operation and plastic flov during the 
thermal transients. In order to calculate the airfoil 
cyclic lives, \ la necessary to determine the trons- 
ient and stenc.: .state temperatures and the accumulated 
inelastic strains over the entire engine mission. 

In recent years, nonlinear finite element pro- 
groms sueh as llARC (1,2) have become available for the 
three dimensional analysis of structures involving 
cyollo creep and plastloity, Aside from a limited use 
as onolytical research tools , these nonlinear pro- 
grams have not been utilized in turbine blade design 
because of the extensive work and computing times in- 
volved. Quantitative accuracy with nonlinear, finite 
element programs is at present precluded because of 
the lock of cyclic turbine material properties, par- 
tiouiorly cyclic creep properties, and by the neces- 
sity to limit the analyses to a few cycles due to the 


confuting times required. 

The primary purpose of this study was to gain a 
greater Understanding of blade domage modes, film 
cooling hole effncts and effects of small changes in 
gas profile on cooled blades in advanced engines 
through the use of a nonlinear three dimensional 
structural analysis program, A secondary purpose was 
to evaluate the applicability of a simpler one dl- 
menslonol beam-type program representative of most 
current blade cyclic analysis practice. 

The airfoil temperatures and stresB-otraln states 
in the three Impingement cooled rotor blades (two vith 
leading-edge film cooling holes) were studied using 
an advanced transient thermal analysis program, TACTl 
(3), and the HARC nonlinear structural analysis pro-, 
gram. The thermol-struotural analyses were based on 
a mission which simulated the takeoff, climb, cruise 
and descent conditions of on advanced technology air- 
craft engine. Airfoil tomperotures, Btressos, strains 
and predicted creep lives are compared for four eases : 
the two leading-edge film cooled blades with a typical 
gas temperature profile and the blade without cooling 
holes with both typical and slightly flatter gas tem- 
perature profiles. 

ANALYTICAL PROCEDURE 

Conditions of Analyses 

The analyses were based on the operating condi- 
tions of a first stage turbine blade in an advanced 
high-bypass ratio turbofan engine being studied for 
use in the 1990 time period. The blade airfoil is 
3,8 cm in both span and chord and has a hub-to-tlp 
radius ratio of 0 . 65 , The primary blade cooling 
system analyzed was an all- impingement cooled con- 
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flgurntlgn vhlch uood an Internal inoort from which 
coolant air flowed through nn array of hoJea to im- 
pinge on the inner ourfaco of the hladc ohclli In 
two cBDoo, a Blnglo row of film cooling holen at the 
leading edge wao alno conaidcred. Iho aoaumed blade 
material vqd caot IN 100 alloy. Btrcao-Dtraln and 
creep rupture proportloo for thla alloy wore ob- 
tained from (lt)i 

The aceuned flight mloolon for thin engine eon- 
oloted of a ? second transient from Idle to maximum 
taJteoff, a 5 minute hold at maximum taheoff* a 30 min- 
ute hold at maximum cllmbi a 90 minute hold at cruise 
and a 5 oocond tronoient from online back to idle. 

The mlcalon cycle was divided Into time Increments 
for the nnalyolo. Two gaa temperature profiles wore 
oonsldcrod in this study i u tyi>lcal and a somewhat 
flatter profile. For tha profile which represented 
typical gas conditions) the blade relative effective 
gas temperature at mldspan cycled botwoon (j 7P° C at 
idle and lliOO® C at maximum takeoff. The flatter gas 
profile cycled between midopon temperatures of 669° C 
at idle and 1376° C at maximum takeoff. At maximum 
takeoff, the gae inlet total pressure was S898 kPa. 

The cooiont-to-gaa flow ratio at oacn operating point 
was hold ooeentiall}’^ constant for all the cooling con- 
figurations undnr study (0.II6 to O.llB at maximum 
takeoff). 

Four analytical cases were studied (table X)( an 
dll-lmpinecment cooled airfoil using both the typical 
(A) ond flatter (B) gas profileo and two Itoplngement 
cooled olrfolls with film cooled leading edges using 
gas profile A. The configurations with film cooled 
loading edges had a single row of 0. 05 ora diameter 
holes spaced 10 diameters apart) one configuration 
had the holes normal to the surface and the other had 
the holes angled 30° to the surface in tlie spanwlBO 
direction. 

Analytical Methods 

Transient and steady-state temperatures wore com- 
puted with the TACTl thermal analysis program. TACTl 
was developed at the NASA Lewis Besearoh Center to 
compute time-dependent three dimensional temperature 
distributions in airfoils cooled by impingement and 
crossflow convections. Coolant side heat transfer co- 
efficients were calculated In the program using pub- 
lished correlations. The program also has the capa- 
bility to handle limited film cooling, using a corre- 
lation for effectiveness baaed on reducing the film 
cooling holes to an eciuivalent slot. Temperature gra- 
dients around the hole and the effect of hole angle 
were not considered. The calculated metal temperatures 
are estimated to be accurate within about 70° C, based 
on the experimentally determined accuracy of the cor- 
relations used to calculate heat transfer coefficientB. 

Airfoil stress-strain states as a function of 
mission time were computed using the MARC nonlinear, 
finite-element structural analysis progrojii, This pro- 
gram has the capability of performing cyclic plastic 
ond creep strain calculations in a series of time in- 
crements for a aeries of engine missions. In the 
analyses presented in this paper, the computations 
were continued until the start of descent on the sec- 
ond mission cycle in order to eliminate from consid- 
eration the nonrecurring plastic strain Induced dur- 
ing the Initial mission. Although MARC has an inte- 
grated thermal analyzer option, it requires specifi- 
cation of the coolant temperature and heat transfer 
coefficient at each nodal point. Since the TACTl pro- 
gram would have to be run to got this infoi-mation, it 
was decided to bypass the MARC thermal analyzer and 


use the output metal temperatures from TACTl directly. 

Plastic strain behavior was based on the incre- 
mental theory of plasticity uning the von Misos yield 
criterion. Altliough a number of hardening rules were 
considered, including kinematic hardening, there wac 
never sufficient stress reversal during the doncenb 
part of the mission to cause reversed plsstio flow. 

It lo possible that acme plostic strain reversal 
would have teen calculated if the mission cycle had 
included the thrust reversal or cool down pcrUcns of 
the flight or locol temperature gradients around the 
holes had been taken into account. Material creep 
behavior was represented by a von Mloes yield cri- 
terion and the creep rate, Ce, by an cxponentlsl creep 
law of the form Cg » Ac*' where A ond n are de- 
pendent on temporaturo ond independent of the stress, 
0. Contrilligal ond gas pressure loads and local 
metal temperatures from TACTl for each mission incre- 
ment were input and calculated DtreDBes and strains 
output at each of 27 Oousslan integration peints In 
each element. The centrifugal loading iRcAudcd the 
mass of the Impingement insert and a tip eap. Al- 
though teaporaturo-otroos-otroln results ore pre- 
sented for the Inner and outer sui’fuces of the airfoil 
shell in this paper, these results actually ceme from 
ealculational stations inside the wall at a distance 
from the surface of about 11 percent of the local wall 
thickness. 

Structural analysco wore also performed using a 
one dimensional, beam-type program (5). The one di- 
mensional analyses wore baaed on the some thermal and 
mechanical loodlng cycles and material properties as 
wore used in the MARC analyses and Included the ef- 
fects of centrifugal restoring moments. 

Finite Floment Analysis 

The finite element model of a leading-edge film 
cooled airfoil configuration (case 3) is illustrated 
in Fig. 1. The airfoil configurations were modelled 
with 20 node, isoparamstrlo, three dimensional ele- 
ments. The finite element network for the leading- 
edge film cooled airfoil had U6 elements with to5 
nodes and the all-impingement cooled airfoil hod 39 
elements with 3l*9 nodes. Nodes at the hub of the olr- 
foil model were fixed in the radial direction. Be- 
cause of che great omount of computer time required 
for the analyses, a finer mesh than that shown in 
Fig, 1 was not feasible. Each mission cycle required 
from 15 to 20 houro of accumulated Univac 1110 com- 
puter time. Although those computer times could be 
reduced substantially with some of the faster ma- 
chines available, the use of nonlinear, three dimen- 
sional structural programs as practical design tools 
is probably dependent on further advances in computer 
technology. 

Because of limitations of computer storogo and 
speed, only one leading edge hole was modelled. A 
check of the accuracy of the analysis for the film- 
cooled model of Fig. 1 with the hole axis normal to 
the swface (case 3) was obtained by subjecting the 
airfoil to a uniformly distributed mechanloal stress 
in the spanwlse direction at a uniform temperature. 

An elastic stress concentration factor of 2,65 was 
obtained for a calculations! station 0.003 cm from the 
hole rim; this compares to a theoretical stress con- 
centration factor of 3.0 at the rim of a central hole 
in a plate subjected to a uniaxial mechanical load. 

An error is Introduced into the analysis by only 
modelling one hole since the presence of adjacent 
holes tends to reduce the stress concentration factor 
and the local wall stiffness. In Peterson (6), the 





theoretical otroao ooncontrution factor for a plate 
with a Dlnelo row of holoo ond u tcnollc lood In the 
direction of the line of the holoo ic ohown to he 3.9 
for a opoclng of 10 dionotoro oouparod to 3i0 for a 
oingle hole. In order to give conoldoration to theoc 
offcctot the film cooling hole in the finite element 
model wee placed at one olxth of the opon height from 
the airfoil huh rather than at one-third opon which 
would be a elightly more critical open location. The 
ono-oixth apun poaition wao also a eonewhat more con- 
venient location for modelling n radially angled hole. 

RESULTS ADD DIBCUSSIOH 

Cyello Hetol Temporaturco 

Computed airfoil leading edge atagnatlon point, 
trailing edge and average (defined ao weighted tem- 
peratureo of the crcoo eoction) temperaturoo at mid- 
epan ore Bhown in fig. 3 aa a function of clapood 
time during the mioeion for caoen 1 and 3. The ther- 
mal oyclee for caaeo 3 and are identical because of 
the aoBumptiono uoed in the heat trunofer procedure. 

A number of featureo ore common to the midspan 
metal temperature transients for all four cases. 
Throughout the mission th*,- leading-edge inside wnll 
temperature wac colder t(,an the average temperature; 
therefore, the thermal Bt/ceseB were always tensile 
and odditive to the centrifugal stresooD. The outside 
woll temperatures at the leading and trailing edges 
were always hotter than the avornge temperature during 
toheoff, climb and cruise indicating compreasive ther- 
mal strcDFios at theau locations. At maximum takeoff 
condition, whore the gas presaure wne highest, the 
temperature difference between the leading edge inside 
and outside surfaces was about 150° C at midopan. 

The maximum metal temperature reached during the mis- 
sion was about 1050° C for all four cases and occurred 
at moxiraum takeoff. 

The thermal response for cose 2 was similar to 
that shown for case 1 in Pig. S(a) except for a re- 
duction In the leading edge, trailing edge and aver- 
age midspan temperatures of about 11° C at the toke- 
off, climb and cruise hold time conditions; the over- 
oil bulk temperature did not change when comparing 
cases 1 and 3. Compared to all-impingement cooling 
(Fig, 2(a)), film cooling (Fig. 2(b)) resulted in a 
leading edge outside surface temperature about eq.ual 
to the average temperature at climb, and colder than 
the average temperature throughout the descent. The 
average midspan and bulk temperatures of the film 
cooled airfoil, although lower at maximum takeoff and 
climb, were about the same at cruise compared to the 
all-impingement cooled airfoil (Fig, 2(a)). Typical 
metal temperature contours at cruise for the outside 
surfaces of the airfoil pressure and suction sides are 
presented in Fig. 3 for case 1, which was used as the 
baseline case. 

Effective Stress-Strain Distributions 

Typical effective stress and inelastic strain 
contours for the end of cruise on the second cycle are 
shown in Fig. ll for case 1 at the surfaces where the 
maximum values occurred. As expected, the moxlmu.'s 
stresses were at the inside walls where temperatuj'es 
were coldest and at the airfoil hub in the all- 
impingement cooled configurations (Fig. 4(a)) where 
centrifugal stresses were highest end at the hole rim 
in the film cooled configurations. 

Results of the analyses indicated, as will be 
discussed later, that the predominant damage mode for 


all four cases was creep. The location of maximum 
creep strain (henceforth culled the "erltieal loca- 
tion") was at the inside wall of the leading edge re- 
gion at the 33 percent epan height for cnoos 1 (Fig, 
4(b)) and 2 and adjacent to the hole rim for eases 3 
and 4. The critical locations for the all-lmpingemont 
coolod configurations wore slightly to tho suction 
side of tho loading odgo in case 1 and slightly to 
tho pressure side of the leading edge in eune 2, The 
effective total strains at tho critical location wore 
either the highest or close to the highest total 
atrain values in tho airfoils. Case 4 was unusual In 
that the critical location ohlftcd from tho suction 
side of the film cooling hole on the first cycle to 
the pressure side of the hole on tho occond cycle. 

The plastic strains for all cases were only in- 
curred during the takeoff transient on the initial 
mission. The hlghoot plastic strains occurred at the 
leading edge at 33 percent apnn on tho outside surface 
for the all-lmpineornent cooled blades (Fig. 4(c)) and 
on the inside sui'face at the hole rim for the film 
cooled blades. 

Effective Strain Cycles 

Effective total stroln-temporature eycloD for the 
erltieal airfoil locations arc presented in Fig. 5 for 
the period between tho end of cruise for the first ond 
second missions , The highest total strains were 
reached during maximum takeoff. The totol strain 
levels, ranges ond ratchoting were considerably 
greater for the film cooled cases 3 and 4 than for the 
all-impingement cooled cases 1 and 2, Even though 
the total strain levels chongc under repeated cycling 
due to the creation of residual strains, tho total 
strain range tends to bo constant. 

Accumulated effective creep strains at the criti- 
cal locations ore shown in Fig. 6 up to the end of 
cruise of the second mission cycle where the analysis 
terminated. The lorgest creep strain changen took 
place during cruioe for casco 1, 2, and 4 and during 
the moximum takeoff hold time for ease 3. Progress- 
ive stress relaxation under cycling caused a 35 to 
45 percent reduction in the creep strain increment 
for oases 1 to 3 and n 72 percent reduction for case 4 
during the second mission cycle as compared to the 
first cycle. Although case 4 shows the highest creep 
strain level in Fig. 6 , the creep Increment for tlie 
second cycle was less than case 3 because of the 
greater creep relaxation. 

The strain cycles shown in Figs. 5 and 6 are 
simimarized in Table II. Also presented are the maxi- 
mum effective total strains reached on the first cy- 
cle; these values should be approximately equivalent 
to the total strain ranges for a cycle where the en- 
gine is shut down at the completion of every mission. 

Using caee 1 as a basis of comparison, the major 
effect of the flatter gas temperature profile was to 
decrease the creep strain range per cycle about 20 
percent. There was also an increase in total strain 
range for case 2, but the total strain levels for 
both all-imp.'' ngement cooled cases are too small to 
have any significant effect on blade life. Leading 
edge film cooling holes in case 3 increased the creep 
atrain range by 100 percent and the total strain 
range by 230 percent for the condidate mission and 
150 percent for an engine shutdown after each mission. 
Arigling the holes 30° radially to the surface (case 4) 
resulted in smaller total strain and creep strain 
increments per cycle than having the holes normal to 
the surface (case 3). The increases in strain ranges 
in case 4 compared to case 1 were 39 percent in creep 
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atriiini SSO poreont In totnl otraln for the nlDDloni 
and ISO percent for an onelno ohut devn after each 
miaolcni 

Copparlcon of ID and 3D Antilvoeo 

One dlmenclonal boun-type unalyaoo were aloo 
porformed for oaoea 1 and S for the 33 poroont air- 
foil upon ooction< The naxlniun total and creep 
strain chunBoa per cycle from the two analytical 
methodo are compared in Table II. 

The critical airfoil location from tlic one dl- 
menalonal unalyolc wuo to the auction aide of ‘.ne 
leadlnB cdse region (location B in Fig. 7K whureaa 
the critical locutlonc from the MARC; analyoRc wore 
oomewhat closer to the loading edge (location A for 
caoe 1 ond locotion C for caoo S In Fig. 7). Uolng 
the one dimcnoional atialyclo, computed creep otraln 
Incremonta per cycle up to the fiftieth cycle arc 
chowii in Fig. 7 at locationo A and B for caoe 1, and 
locatlono B and C for oaao S. Compurinon of theoe 
reoulto with the computed creep otraAn incrcmenta 
from MARC for the flrot two cyclco indicate fair 
aevocnont. The one dimonolonnl analyoio predicto 
oomewhat higlicr creep ntralno for the initial cycle » 
but oxoggerateo the amount of otreoo relaxation with 
the rooult that lower creep otraln Inorcmento wore 
predicted for the oooond oyolc. The olower p.treoo 
relaxation nhovn by the throe dimonolonnl analyoio 
wao probably caused by the greater conotrainto duo to 
the multi-axlol Dtreoo-otraln otato. Fig. 7 indi- 
cates that the mission analyses should be carried 
out to at least the third cycle in order to attain a 
reasonably atuble otrooo and creep otrain state. 

The calculated mnxlmuis total otrain ranges from the 
boom-type analyses were uBout twice tlic throe di- 
munslonal results, primarily due to predicting higher 
residual otralno on unloading. 

Considering the relative oimplioity and rapid 
solution time of the one dimensional program, those 
results indicate that it can be used with fair ac- 
cui'acy for otructurnl analyses of all-implngenteiit 
cooled airfoil shells when creep lo the major damage 
ttiechonlsm. However, this method cannot take into 
account directly the stress concentration of film 
cooling holes. Use of a strain concentration factor 
calculated by the Heuber method resulted in creep 
strains for the first cycle that were SO percent 
lower than the creep strains calculated from the 
three dimensional unalyeca of cases 3 and h. 

Life Analyses 

Strain cycling fatigue data for IN 100 at 927*^ C 
presented in (7) indicate that the fatigue life from 
repeated cycling over the total strain ranges shown 
in Table II would be virtually Infinite for cases 1 
and 2. The fatigue lives for oases 3 and It would be 
at least an order of magnitude greater than the pre- 
dicted creep llveo as determined from a ductility ex- 
haustion approach (8) whore the liveo were ontimated 
from the number of cyolon that Would be required for 
the creep strain Increment during the second cycle 
to exhaust the creep rupture ductility. Therefore, 
creep is probably the dominant domogc mode for all 
the cases studied. 

Crock initiation life predictions are presented 
in Table 11 on a nondimonsionalised basin with re- 
spect to case 1. The predicted life for any case is 
taken simply as the reciprocal of the ratio of the 
creep strain Increment for that case to the creep 
strain Increment for cose 1. The Justifications for 
exbcndlng results computed for two cycles over the 


engine llfotlse are twofold. First, the nondir.cn- 
olonollaod lives based on the initial cycle wore 
within 8 percent of those based or, the second cycle 
for esses 1, C, and 3 (tills was not true of case h 
because of the change in critical location)*, and ooc- 
ond, the one dimensional onalysno for caaos 1 and 2 
ohowod that the nondimcnsionaliaod creep life of case 
2 based on the fiftieth cycle was only 15 percent 
greater than the life buooU cn the second cycle. The 
effect of using a flatter gau temperature profile in 
ease 7 was to Increase the cyclic creep life of the 
all-impingement cooled airfoil about 21 percent. The 
introduction of leadlng-edgo film cooling holes with 
the holes oriented normal to the airfoil surface re- 
sulted in u reduction of 5U percent in cyulic creep 
life; however, thin does not take into account tlic re- 
duced susceptibility to hot corrosion damage duo to the 
reduced loading edge temperatures, Angling the film 
opollng holes 30° radially to the surface resulting 
in a 20 percent reduction in cyclic life compared to 
the base all-impingement cooling configuration. 

OUMMAny OF RESULTS 

The I’csults of the mission analyseo of impinge- 
ment cooled airfoils with and without Icading-odge 
film cooling can be siimmuriscd as follows! 

1. Creep was the prodomlnont damage mode and the 
lending-edge inside wall was the predicted distress 
location for all of the airfoil configurations ana- 
lyzed, Plastic strains were incurred only during the 
takeoff transient on the Initial mission cycle. Pre- 
dicted fatigue lives bused on the maximum total struln 
ranges were at least an order of magnitude greater 
than the predicted ereep lives no determined from a 
ductility exhoustion approach. 

2. The use of n flatter gas temperature profile, 
Which reduced the maximum gas temperatures at the 
rotor inlet by 22'* C, resulted in a predicted 21 per- 
cent improvemen' in ci’cep life for the ull-iinpinge- 
ment cooled airfoils . 

3. The introduction of leading-edge film cooling 
holes wQo detrimental to the oi*eep life although it 
lowered tlie leading-edge tomperntures (thus reducing 
the BUBoeptiblllty to hot corrosion dsmogo). For the 
some metal temperatures, a hole with the oxls angled 
rodinlly was less detrimental than n hole with the 
axis normal to the surface. 

1|. One dimensional struotwal analyses gave fair 
agreement with the three dimensional analyses for the 
all-impingement cooled case; however, they did not 
give satisfactory results when used, in conjtuiction 
with o Heuber strain concentration factor, for the 
film cooling cases. The best agreement between the 
two analytical methods was in initially calculating 
the maximum creep strains and in predicting the air- 
foil distress locotion in the lending-edge region, al- 
though not in the some location within that region. 

The one dimensional analyses appear to exaggerate the 
creep strain relaxation for subsequent cycles and the 
i’esiduol total strains. 
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TABLE I. - ANALYTICAL CASES 


Caoc 

number 


Airfoil cooling 
configuratlono 


Gao temperature 
profile 


All impingement 


All iraplngement 


Louding-edgo film-cooling 
holeo normal to eurface, 
remainder of airfoil 
Impingement cooled 


Loading-edge film^cooling 
holeo 30° to ourface, 
romnindor of airfoil 
impingement cooled 


Gao temperoture, “C 


Profile A Profile B 


Idle 5>t6-680 555-669 

tox, takeoff 1169-1<'00 1187-1378 

Max. climb 1119-131)2 1136-1321 

Cruioe IO85-I30I) 1102-1281) 


TABLE II. - RESULTS OP MISBIOIf STRAIN ANALYSES 


Caoo Maximum effective Maximum effective Maximum effec 

total strain range, total otraln range, creep otral 

idle to max. takeoff, max. takeoff to shutdown,*’ increment, 
cm/cm cm/cm 2nd cycle, 

cm/cm 


Maximum effective Predicted ! 
creep otroln nondlmonoionttl 


cyclic liveaB 


°0.00ll)l 

(.00277) 


O.OO23I) 


0.Q00l)8!) 

(.0001)27) 


0.00162 

(.00290) 


o.ooaiiB 


0.000399 

(.000351) 


0.001)66 


0. 00602 


0. 000970 


0.001)53 


0.00523 


0. 000671 


"Estimate based on maximum effective total strain during 1st cycle between mox. takeoff 
. and idle. 


Based on maximum effective creep strain change during 2nd cycle. 

"Numbers in parenthesec refer to results from one dimensional boom-type analyses. 
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la) CASE 1. (b) CASE 3. 

Figure Z - Airfoil metal temperature cycle at midspan. 





riMP., 


TEMP. 




°C 

1 

832 

6 

427 

2 

844 

7 

443 

3 

866 

8 

466 

4 

887 

4 

482 

5 

404 

10 

444 



TEMP.. 


TEMP. 




°C 

1 

827 

6 

421 

2 

843 

7 

443 

3 

866 

8 

466 

4 

882 

4 

462 

5 

404 

10 

1004 




I 1 i ^ 




■' k"- 1 \ \ 

'"V ■» 'li •« 

: ' it 

• < I T 


\ 


•I • 


i\ 


->■ 


I 


iOt> > ^ 

I ' ' 

cl I ' ^ 

\i \ 1^ ;s 


: I 

I 

I I 

.t ^ V 

>» • • •• <[» • ' 

■ii ■* 

H t 

i 

Ti 




kZ 

' ^ 




•55 


,* 

:-f 

I 

a 

4. 

I 

I 

< I 

t * 


5^‘ 

c' 

» 

r 

.i 

4 .. 




Yc 


4“ 

U,-.- 

>r. 

:l 


u 


■ • ♦ -It 

I 

n 

.^f 

•l 



(a) OUTSIDE SURFACE, PRESSURE 
SIDE. 


lb) OUTSIDE SURFACE, SUCTION 
SIDE 


Figure 3. - Airfoil metal temperature distribution at cruise for case 1. 
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STRESS. STRESS. 

MPi MPj 


STRAIN. STRAIN. 

cmJcm cm/cm 


1 

67 

6 

223 

2 

98 

7 

255 

i 

130 

8 

286 

4 

161 

9 

318 

5 

192 

10 

349 


1 -O.WE-4 6 .699E-3 

2 .116E-3 7 . 845E-3 

3 . 262E-3 8 .WOE-3 

4 .40BE-3 9 .114E-2 

5 .553E-3 10 .1Z8E-2 



la) EFFECTIVE STRESS. INSIDE lb) EFFECTIVE CREEP STRAIN. 

SURFACE, PRESSURE SIOL IfjSiDE SURFACE. SUaiON SIDE. 






STRAIN. 

cm/cm 

1 -0.585E-5 

2 .106E-4 

3 .271E-4 

4 .436E-4 

5 .601 E-4 

6 . 766E-4 

7 .931 E-4 

8 .llOE-3 

9 .126E-3 

10 .142E-3 


(0 EFFECTIVE PLASTIC STRAIN. OUTSIDE SURFACE. 
PRESSURE SIDE. 

Figure 4. - Stress-strain contours at end ot cruise. 2nd cycle (or case t. 
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CRITICAL To MAXIMUM TAKEOFF 



(0 CASE 3, (dlCASE4. 

Figure 6, - Effective creep strain as a function of time for crilicai 
airfoii iocatlons. 


I : I '.i'' I ■ 7 ■ r.;— I 


PER CYCLE. 


33 percent SPAN HEIGHT 


ONE-OIMENSIONAL ANALYSIS RESULTS AT B 
THREE-DIMENSIONAL ANALYSIS RESULTS AT A 
ONE-DIMENSIONAL ANALYSIS RESULTS AT A 


(a) CASE 1. 


ONE-DIMENSIONAL ANALYSIS RESULTS AT B 
THREE-DIMENSIONAL ANALYSIS RESULTS AT C 
ONE-DIMENSIONAL ANALYSIS RESULTS AT C 


1 2 3 5 10 20 50 

CYCLE 

(b) CASE 2, 

Figure?, - Comparison of creep strain compulations from one- and three- 
dimensional structural analyses. 



